The function of the right ventricle (RV) determines the prognosis of patients with pulmonary hypertension. While much progress has been made in the treatment of pulmonary hypertension, therapies for the RV are less well established. In this review of treatment strategies for the RV, first we focus on ways to reduce wall stress since this is the main determinant of changes to the ventricle. Secondly, we discuss treatment strategies targeting the detrimental consequences of increased RV wall stress. To reduce wall stress, afterload reduction is the essential. Additionally, preload to the ventricle can be reduced by diuretics, by atrial septostomy, and potentially by mechanical ventricular support. Secondary to ventricular wall stress, left-to-right asynchrony, altered myocardial energy metabolism, and neurohumoral activation will occur. These may be targeted by optimising RV contraction with pacing, by iron supplement, by angiogenesis and improving mitochondrial function, and by neurohumoral modulation, respectively. We conclude that several treatment strategies for the right heart are available; however, evidence is still limited and further research is needed before clinical application can be recommended.
Introduction
The normal pulmonary circulation represents a low-resistance, high compliance load to the right ventricle (RV) and a low pressure is sufficient to pump the blood to the lungs for oxygenation. The function of the RV is reflected in its structure, thin walled compared to the left ventricle (LV), and crescent shaped. The LV has a more circular/ellipsoidal cross-section and combined with its larger muscle mass it can build up higher pressures.
Increased ventricular wall stress
The pulmonary vascular resistance (PVR) can increase up to 500%, causing pulmonary hypertension (PH). The resulting increase in RV wall stress is a key driver of RV changes in pressure overload. Stress cannot be measured directly but can be estimated using Laplace's law, based on pressure, radius of the cavity, and wall thickness. When the progression of the increase in pressure load is slow, the RV will adapt by increasing wall thickness 1, 2 (hypertrophy, cardiac muscle thickness) and contractility, 3, 4 to remain 'coupled' to its load, i.e. maintaining efficient transfer of energy. The RV remodels from a low-pressure to a high-pressure pump. 5 The RV cannot hypertrophy indefinitely and when elevated pressures persist, it will dilate in an effort to maintain stroke volume by virtue of Frank&Starling law of the heart. The RV becomes uncoupled from the load making energy transfer inefficient, and ultimately RV failure develops. 6 This process can visualised by pressure-volume loops ( Figure 1) as proposed previously. 6 Exercise testing may aid in distinguishing between PH patients who will progress to ventricular-vascular uncoupling. 7 Wall stress is a major determinant of ventricular oxygen consumption. 8, 9 Increased muscle thickness increases diffusion distances and intensifies the negative effect of contraction on myocardial blood flow. 10 These changes in the RV impact on oxygen delivery and consumption
Treatment strategies
Traditionally, therapy has been directed at lowering the load as this is the cause of RV dysfunction ( Figure 2) . Treatment of PH has improved substantially in recent years and we refer to recent publications and guidelines for an overview. [11] [12] [13] [14] [15] However, in PH-patients with stable or even reduced afterload, RV failure may still ensue. 16 Ultimately, RV function determines the prognosis of patients with pressure-overloaded hearts. [17] [18] [19] [20] Treatment to preserve or improve RV function itself is, therefore, required. Some treatment strategies, although previously suggested, are certainly not widespread when compared with established therapies for LV failure. 21 In the current review, we will focus on RV function in PH ( Figure 2 ). We will discuss potential treatment strategies for the RV, targeting wall stress itself by aiming to lower the afterload pressure (PH treatment) and ventricular volume by decreasing preload with diuretics, septostomy, and RV-assist devices. To combat the deleterious effects of RV wall stress, namely left-right asynchrony, impaired oxygen supply, and altered myocardial energy metabolism, and neurohumoral activation, we will discuss cardiac resynchronisation, ways to improve oxygen delivery and restore mitochondrial function, and possibilities for neurohumoral modulation ( Figure 2 ).
Treatment strategies targeting RV wall stress

PH treatment
While not going into the details of PH treatment in this review on therapeutic strategies for the right heart, it is important to note that the first and most important mechanism to improve RV function is to normalise afterload. Afterload reduction can be attained in patients with PH by pulmonary thromboendarterectomy and balloon pulmonary angioplasty in case of chronic thromboembolic pulmonary hypertension (CTEPH), in rare cases by means of medication and ultimately by means of lung transplantation. Studies showed that with load reduction to about normal levels the RV will recover its normal shape and function within weeks. 22, 23 Although pulmonary arterial hypertension (PAH) specific medication is effective in lowering afterload, e.g. reducing PVR, the impact on the RV is minimal. One of the explanations is that this reduction in PVR is accompanied with an immediate increase of stroke volume leaving the systolic pulmonary artery pressure and thus the RV wall tension unaltered. 21 Combination treatment might be a more effective approach in reducing PVR and thus saving the RV. In the Ambition trial, upfront combination therapy was shown to be more effective in reducing NT-proBNP than upfront monotherapy. 24 The most likely explanation is that combination therapy is more effective in lowering both pulmonary vascular resistance and pulmonary artery pressure than monotherapy (triple therapy). 25 In addition, it was recently shown that upfront combination therapy is able to reduce RV size whereas monotherapy is not. 26 Thus, although afterload reduction is the most effective mechanism to improve RV function, this reduction should be substantial to have an impact.
Atrial septostomy
Dr Rashkind was the first to perform atrial septostomy, saving an infant with transposition of the great arteries who became cyanotic when foramen ovale had begun to close. 27 Rich and Lam described the first atrial septostomy as treatment for PH patients. 28 Creating an opening between the right and left atrium can reduce the wall stress in the RV in PH, potentially delaying failure. 29 The shunting of blood to the left side and bypassing the lungs reduces oxygenation but the increase in LV preload augments cardiac output so that oxygen delivery to the tissues is not severely affected. Systemic congestion, ascites and oedema are reduced by lowering the pressure in the overloaded right atrium, 30 and sympathetic activation, which is increased in PH, 31 is decreased by septostomy. 32 It is unclear whether the beneficial effect of atrial septostomy is due to the reduction in sympathetic tone or due to reduction of RV preload. Figure 1 The right ventricle (RV) and its load in pulmonary hypertension, illustrated by pressure-volume (PV) loops. The two subsystems of the pulmonary circulation, the RV and its load, should be quantified independently of each other to describe their functioning. End systolic elastance (E es ) is a load-independent measure of RV contractility and arterial elastance E a is ventricle-independent a measure of the load (not shown how E es and E a are determined). When the ratio of E es /E a is above a certain value (e.g. close to 2), efficient energy transfer is possible and the RV is "coupled" (green PV loop) to its load. When the load rises as in pulmonary hypertension (high E a ), the wall stress in the RV is increased. The RV will show an adaptive response, increasing wall thickness and contractility: E es goes up. With the higher E es , the ratio with E a remains close to normal ("coupling maintained", orange PV loop). E es is increased with respect to control but still a load-independent measure, defining the adapted state of the RV. When the RV dilates, the RV may not be able to increase E es further and the E es /E a is ratio drops to a lower value: the RV and vascular load become "uncoupled" (red PV loop). Since wall stress is central to these processes, treatment strategies should be aimed at lowering wall stress by reducing afterload (E a ) and RV volume (preload).
.
Diuretics
Although diuretics, including loop diuretics and aldosterone inhibitors, play a key role in the management of right heart failure as acknowledged in the current guidelines, 14 the impact of diuretics on preservation of RV function and reduction on wall stress is not well studied. In addition, how to optimise diuretic therapy in the individual PAH patient is still unknown. Although prescription of diuretics in PH patients with overt symptoms of RV failure is common, the role of diuretics in patients without oedema or ascites in a good functional state is unknown. In LV failure, it has been shown that a rigorous diuretic management guided by NT-pro BNP leads to improvement of the functional state of the patient and reduced hospital admissions. 33 However, such studies are missing in the field of PH. Thus, although on conceptual and clinical grounds giving diuretics is the current best treatment for RV failure, the supporting evidence is limited. The impact of tolvaptan, an oral, non-peptide, selective vasopressin V2-receptor antagonist, has been investigated in a small prospective study showing beneficial impact on BNP levels and diuretic use, but a randomized controlled trial is currently lacking. 34 Further studies are required to assess the optimal diuretic regime to optimise RV function in individual patients.
RV-assist devices
Mechanical ventricular-assist devices (VADs) have progressed from bulky (pneumatic) paracorporeal apparatuses to implantable units presently even fitting in the pericardium. 35 Axial designs (HeartMate II, LV-assist devices have been quite successful in recent years as bridge to transplant or even as destination therapy for LV failure. 37 RV-assist devices are sometimes required after RV failure secondary to implanting LV-assist device. 38 After longer term LVAD support, RV afterload and RV adaptation improve and become stable. 39 As recently reviewed, 40 an LVAD allows the LV to remodel due to the mechanical unloading, 41 rather than the normalisation of neurohormonal activation, 42 since no changes were found in the RV after implantation. 43 Thus far, RV-assist devices have been used as bridge to heart transplantation for combined LV and RV failure. Experience with isolated and permanent RVAD implantation (HeartWare HVAD) devices was recently summarized by Bernhardt et al. 44 The first HVAD implanted for permanent isolated RV support was described in 2013. 45 At that time, the outflow graft of the device was adapted to increase the resistance so that the pump would experience a more systemic-like afterload. 38 Later it was found that HVAD device can be used to support the RV without modification because of its pre-and afterload sensitivity. 45 Relevant studies by Verbelen et al. in sheep comprised pulmonary artery banding and implantation of a small assist device (Synergy Pocket Micro-Pump, HeartWare, Framingham, MA) between right atrium and pulmonary artery (proximal of the banding). In a first study, RVAD implantation with a low-flow and high-flow operation unloaded the RV in Treatment strategies for the right heart diastole and increased cardiac output (heart plus pump), while contractility was not changed. 46 In a second study, the effects of RVAD immediately after banding were compared with the effects 8 weeks after banding, which is more representative of the condition of patients with PH. 47 Interestingly, cardiac output was increased only in the acute group, and again contractility was not changed. The pressure-volume area was significantly reduced in the chronic group, suggesting a lower oxygen requirement. 48 Mathematical modelling studies can also be helpful in gaining understanding of the effects of cardiac support. 49 Although RV-assist devices do have potential benefits in terms of diastolic RV unloading and assisting systolic function, concerns on safety issues currently limit the use of these devices to bridge-to-transplant in end-stage disease. 3 . Treatment strategies targeting the consequences of RV wall stress
Cardiac resynchronisation therapy
In advanced stages of PAH, left-to-right asynchrony can occur as readily seen from leftward ventricular septal bowing in early LV diastole. 50 The RV post-systolic isovolumic time as determined with echocardiography is prolonged. 51 With cardiac MRI it was established that the main cause of leftward septal bowing is not a late start but a prolonged contraction duration of the RV in relation to LV contraction. 52 This suggests that not an electrical conduction delay is the cause of interventricular mechanical asynchrony but increased wall tension and is, therefore, highly afterload dependent. 53 The increase in the post-systolic isovolumic period is not related to diastolic dysfunction as previously thought. 54 The RV volume being displaced into the relaxed LV by the septal bowing allows the pulmonary valve to close while the RV is still contracting and consuming oxygen. This part of the contraction is inefficient since it does not contribute to forward flow and hampers early diastolic LV filling. 55 Support for cardiac right-left resynchronisation therapy in PH is found in animal experiments, patient studies, and mathematical modelling. In an experimental animal model with chronic PH and RV failure, PH-related ventricular asynchrony was confirmed by cardiac MRI. 53 Leftward septal bowing was observed as in clinical PH. In the isolated hearts, RV and LV peak pressures were synchronised by pre-excitation of the RV free wall, improving RV systolic function. 53 At the same time, the negative effect of the prolonged contraction of the RV on diastolic LV function was reduced as demonstrated by decreased leftward septal bowing. 53 Mathematical modelling by Lumens et al. also provides support for rightleft synchronization. Pump function improved wall strain, reduced muscle work, and made workload distribution more homogeneous. 56 In a later study, these authors combined animal experimental, clinical, and computational data to determine the hemodynamic and electromechanical effects of left ventricular and biventricular pacing. Interestingly, the results suggested that resynchronization therapy could also improve LV systolic function by mechanical recruitment of the RV myocardium. 57 Hardziyenka studied patients with RV failure and ventricular asynchrony due to CTEPH. 58 Based on ventricular asynchrony (called diastolic interventricular delay) as determined with Doppler echocardiography, seven patients were selected for a temporary pacing protocol. These patients were in the highest tertile of diastolic interventricular delay values in the CTEPH population of their institution. RV pacing indeed reduced asynchrony, increased RV contractility, optimised LV diastolic filling and increased LV stroke volume. 58 As a cautionary remark we stress that, as opposed to LV failure, [59] [60] [61] the supporting evidence for pacing in RV failure is still limited. Stress in the ventricular wall is a complex interplay of afterload, the moment in time of maximal load, ventricular volume, and muscle shortening. 62 It is difficult to foresee if the improvement of RV function in terms of output may not come at the cost of increased wall stress and oxygen demand or extreme load in a phase of the contraction where the RV is more vulnerable to stress. The earlier start of contraction by RV pacing may require more oxygen: since the RV is largest and wall thickness is lowest, wall tension highest, and cardiac oxygen demand is at its peak. In the unpaced heart, the LV would support the RV through this first phase.
Supporting myocardial oxygen delivery for energy metabolism
In the pressure-overloaded RV, oxygen supply is reduced whereas oxygen demand is increased, limiting the amount of oxygen available for contractile function and bringing the RV in danger of hypoxia. 63 Several studies have shown that hypoxia inducible transcription factor HIF1a is upregulated in experimental PH. [64] [65] [66] [67] Before discussing treatment options, first we briefly review the pathophysiology of myocardial oxygen demand, supply, efficiency, and mitochondrial adaptations. Oxygen demand is proportional to muscle mass, and related to ventricular wall stress and thus pressure. 8, 9 Consequently, in PH, when the RV dilates and pressure is elevated, both augmenting wall stress, oxygen demand will increase. Similar to the LV, also in the RV O 2 demand is determined by heart rate (HR) as well, confirming that general physiologic concepts hold in PH. 68 Decreased oxygen delivery to the myocytes can be caused by insufficient coronary flow, capillary perfusion or O 2 extraction, or by increased diffusion distance and reduced intracellular facilitated diffusion. In normal physiology, right coronary artery flow is similar in systole and diastole; however, in PH, flow becomes biphasic with reduced systolic flow, comparable with what is normal in the LV. 10 This is caused by ventricular compression of the transmural arteries and has been suggested to depend on the layer with subendocardial layers most affected. 69 Stiffening of the diastolic RV may reduce oxygen supply in diastole. 10, [70] [71] [72] [73] The myocytes in the pressure-overloaded RV are hypertrophied whereas the number of capillaries per muscle cell is not increased. Thus, the capillary density with respect to muscle mass of the RV is reduced in PH and consequently, diffusion distance is increased. 74 Capillary rarefaction in the RV of patients with PAH has also been observed, mainly in scleroderma-associated PAH. 75 The combination of these conditions limits the oxygen supply at the myocyte level. In NYHA 3 PAH patients, oxygen consumption was increased in comparison with NYHA 2 patients although power output and pressures were the same in both patient groups. 9 In isolated papillary muscles of hypertrophied RVs of a PH rat model, also a reduced RV mechanical efficiency was seen. Mechanical efficiency was inversely related to RV wall thickness and RV cardiomyocyte cross-sectional area. Therefore, intracellular changes during the hypertrophy process may lead to inefficient O 2 usage in relation to cardiomyocyte work, which was confirmed in humans. 76 Recently, radical scavengers were shown to be effective as the treatment in rats with experimental RV failure. [77] [78] [79] [80] [81] 
Restoring myoglobin content
With the reduced capillary density in PH and increased diffusion distance, 74 intracellular facilitated diffusion by myoglobin becomes more relevant. However, the myoglobin concentration in RV tissue of PH patients was found to be significantly reduced compared to controls. In a PH rat model, a similar lower myoglobin content was demonstrated, with changes already beginning in stable disease. 74 In PH patients, a lower iron concentration was found and as iron is part of the haem molecule, an effective treatment strategy may be to upregulate myoglobin concentration by iron supplementation, and restoring intracellular O 2 facilitated diffusion. 85 Indeed, intravenous iron therapy increased exercise endurance capacity of idiopathic PAH patients, although a 6-min walking distance was unaltered. RV function at rest was not improved; however, skeletal muscle biopsies indicated increased myoglobin concentration after iron treatment. 86 In the rat PH model, the increased amount of myoglobin per RV myocyte is due to increased translation rather than transcription of the myoglobin gene, which did not change during hypertrophy. 87 
Increasing capillary density
The transition from a compensated to a decompensated hypertrophied RV was shown to be associated with decreased RV angiogenesis in experimental animals 67 and downregulation of microRNA-126 could be involved. Patients with decompensated RV failure indeed had decreased MicroRNA-126 expression as compared with RV tissues from patients with compensated RV hypertrophy. 88 MicroRNA-126 upregulation increased angiogenesis of primary cultured endothelial cells from patients with decompensated RV failure in vitro. In vivo MicroRNA-126 upregulation improved RV microvascular density and RV function, and reduced fibrosis of monocrotaline-induced PAH animals. MicroRNA-126 downregulation exacerbated RV failure, suggesting a new treatment strategy for RV failure PH. 88 
Targeting the mitochondria
Processes in the mitochondria are highly adaptive to their environment and recently these adaptations have become targets for treatment in a number of diseases, including RV failure. 89 Here we briefly consider fission/fusion and metabolic remodelling. Mitochondria are very dynamic and fission and fusion are continuously ongoing. Fission is the process that creates new mitochondria, but also can remove damaged mitochondria and plays a role in apoptosis under environmental stress. Fusion is the process of combining (partially damaged) mitochondria to form new functional mitochondria, 90 and creating a more interconnected mitochondrial network. Changes in fission/fusion activity are mainly triggered by mediators in the cellular milieu. 91 Disturbed mitochondrial dynamics are increasingly recognised as part of the pathogenesis of complex diseases in which mitochondria may not be immediately implicated. 91 Several molecular mediators of mitochondrial dynamics have been identified and are currently being investigated. For instance, in a recent study, mitochondrial fission induced by RV ischemia/ reperfusion caused RV diastolic dysfunction in PAH rats. Dynaminrelated protein 1 (Drp1)-mediated mitochondrial fission and Drp1 inhibitors (Mdivi-1 and P110) preserved RV diastolic function post-ischemia/reperfusion. 92 Changes in metabolism as seen in the vascular remodelling of the pulmonary arteries in PAH are probably a manifestation of a syndrome involving other organs as well, with mitochondrial abnormalities as underlying cause. 93 This complicates the identification of therapeutic targets, however, also opens up possibilities for new treatment strategies for the RV. 94 Mitochondrial metabolism includes oxidation of fatty acids and of glucose. In the healthy human (adult) heart, fatty acid oxidation is the predominant source of energy. RV cardiomyocytes in PAH shift from glucose oxidation towards aerobic glycolysis. 95 The relative contributions of the different energy sources can be modified by external stimuli such as hypoxia, pressure overload and hypertrophy. 95 As a recent example, in rats with PH by banding of the pulmonary artery, fatty acid oxidation in the RV was increased, while glucose oxidation was decreased. When fatty acid oxidation was reduced by partial inhibition with rimetazidine or ranolazine, glucose oxidation was restored, and cardiac output and exercise capacity were increased. 96 Earlier, it was shown that the glycolytic shift in the myocyte was caused by activation of pyruvate dehydrogenase kinase (PDK), 97 probably induced by hypoxia. 98 This has been studied in two rat models of RV hypertrophy, one induced by monocrotaline and another induced by pulmonary artery banding. Inhibition of PDK with chronic dichloroacetate improved RV function; larger effects were seen in the monocrotaline model suggesting that regression of vascular disease may have occurred. Additionally, RV hypertrophy regressed by enhancing glucose oxidation. Hypoxia and PDK inhibition may increase mitochondrial ROS production. 98 Therefore, protecting mitochondria by the use of specific radical scavengers like SS31 may be an additional or alternative treatment. 99 
Neurohumoral modulation
In patients with PH, the sympathetic nervous system is overactive. 31 Sympathetic activation may be needed as first response to keep the RV coupled to the increased load. However, in the long run it is unfavourable. 100 With sympathetic overload the beta-adrenergic receptor density and activation will become reduced. 101, 102 The beta-adrenergic receptor is important for the response to inotropes and regulation of the contractile apparatus of the cardiomyocytes. 103 Therefore, the impaired contractile performance of the RV may be a consequence of chronic increased neurohormonal activation and reduced receptor density. 104 This is supported by the finding that, in patients with PH, the RV is unable to increase contractility during exercise, 105 most likely since the betaadrenergic receptor density is reduced, and catecholamine-induced activation of the contractile elements is prevented.
101,102,106
Beta-adrenergic blockade
Currently, the use of beta-blockers is contraindicated for clinical use, often with reference to the study of Provencher et al., 107 who showed functional improvement after withdrawal of beta-blockers in a small series of patients with porto-pulmonary hypertension. Additionally, acute administration of beta-blockers can lead to ventriculo-arterial uncoupling, probably due to its negative inotropic influence. 108 Selective betablockers and slow up-titration could help in avoiding this temporary effect. In contrast, beta-blockers reduce the heart rate and with it, myocardial O 2 demand. Moreover, the effect of the adrenergic receptor blocker carvedilol on the pulmonary circulation and RV was assessed in experimental PH in rats demonstrating improved survival. Treatment resulted in an increased cardiac output and improved exercise endurance and RV function compared with control animals. RV afterload was not affected by carvedilol; capillary rarefaction and fibrosis in the RV were reduced. Thus, blockade of adrenergic receptor improved RV function and indeed reversed RV remodelling while experimental PH persisted. 109 Bisoprolol treatment in a rat model of PH improved intrinsic properties of RV cardiomyocytes as determined by increased RV contractility (normalized for hypertrophy) and filling, while partially restoring cardiac output and ventriculo-arterial coupling. It also delayed the progression toward RV failure. 110 After the promising effects of bisoprolol in rats, this beta-blocker was also investigated in patients with optimally treated, stable idiopatic PAH (NYHA 2/3) in a crossover design. 111 A limited number of patients was included; heart rate was lowered but RV ejection fraction remained unchanged. Cardiac output was slightly reduced and 6-min walking distance tended to decrease. Therefore, in this group of idiopatic PAH patients, no benefit of treatment with bisoprolol in iPAH could be demonstrated. 111 
Renin-angiotensin-aldosterone system
Next to increased sympathetic nervous system activation the reninangiotensin-aldosterone system is implicated in the progression of PH. 104, 112, 113 In a recent proof-of-concept study, the effects of renal denervation were investigated in two well-established experimental models of PH. 114 Denervation delayed disease progression; pulmonary vascular remodelling and RV afterload were reduced, as was RV diastolic stiffness. It appears that renal denervation may have caused these effects by suppressing the activation of the renin-angiotensin-aldosterone system. 114 
Parasympathetic activation
As opposed to reducing sympathetic activation, parasympathetic activation could be stimulated. Recently, chronic treatment of PAH rats with pyridostigmine, which stimulates parasympathetic activity through acetylcholinesterase inhibition, was shown to increase RV contractility, reduce RV stiffness, RV hypertrophy, fibrosis and inflammation. 115 Also, pulmonary vascular resistance and pulmonary vascular remodelling were reduced. Spectral analysis (of pulse interval and systolic arterial pressure variations) in a subgroup indicated increased parasympathetic activity and baroreflex sensitivity. Most importantly, survival was improved in the treated rats. 115 
Summary
We reviewed treatment strategies for the RV in PH. RV wall stress plays a central role in the progression of the RV towards failure. Therefore, first we focussed on treatment strategies aimed at lowering wall stress; some of those well-accepted, while others are not. Second, we reviewed potential strategies to reverse or least halt the detrimental effects of high RV wall stress. In Table 1 , the discussed treatment strategies are listed with the references to the supporting studies. First and foremost, lowering the afterload is crucial in decreasing wall stress. Additionally, volume overload should be reduced by diuretics, or by perhaps by septostomy or with a mechanical-assist device. Although targeting the detrimental effects of abnormal increased wall stress holds promise, robust data are currently lacking.
In conclusion, many treatment strategies for the right heart are available but need to be further investigated and advanced towards clinical application. Successful treatment of the RV failure would have a positive impact on the lives of patients suffering from PH. 
